Econazole is an azole antifungal with anticancer activity that blocks Ca 2+ influx and stimulates endoplasmic reticulum (ER) Ca 2+ release through the generation of mitochondrial reactive oxygen species (ROS), resulting in sustained depletion of ER Ca 2+ stores, protein synthesis inhibition, and cell death. c-Myc, a commonly activated oncogene, also promotes apoptosis in response to growth factor withdrawal and a variety of chemotherapeutic agents. We have investigated the role of c-myc in regulating sensitivity to econazole. Here, we show that c-myc-negative cells are profoundly resistant to econazole. c-Myc-negative rat fibroblasts failed to generate mitochondrial ROS in response to econazole and consequently failed to deplete the ER of Ca 2+ . HL60 cells knocked down for c-myc expression also displayed decreased ROS generation and decreased econazole sensitivity. Addition of H 2 O 2 restored sensitivity to econazole in both c-myc-negative rat fibroblasts and cmyc knocked-down HL60 cells, supporting a role for ROS in cell death induction. c-Myc-negative cells and HL60 cells knocked down for c-myc have reduced mitochondrial content compared with c-myc-positive cells. The hypoxia sensor, hypoxia-inducible factor-1A
Introduction
The endoplasmic reticulum (ER) is a key organelle responsible for the synthesis and post-translational processing of proteins destined for secretion or the cell surface (1, 2) . The ER is also a major repository for intracellular Ca 2+ and plays a central role in regulating Ca 2+ transients (3) . Disruption of Ca 2+ stores in the ER, such as with the sarcoplasmic/ER Ca 2+ ATPase (SERCA) inhibitor thapsigargin (4) , can lead to ER stress and cell death (5, 6) . Previously, we and others described induction of ER stress by the imidazole antifungal econazole (7 -14) . This agent disrupts ER Ca 2+ stores by both promoting ER Ca 2+ release and blocking Ca 2+ influx (9, 10, 12, 15 -19) . The result is sustained depletion of ER Ca 2+ stores, inhibition of protein synthesis, and cell death. Work to date indicates that econazole has promise as an anticancer agent due to its unique mechanism of action, relative insensitivity to drug resistance mechanisms, and great differential sensitivity of tumor cells to the drug (8, 9, 11, 20) .
Although much is now known about how econazole induces ER stress, little is known with respect to cellular and genetic factors regulating sensitivity. Previously, we generated and characterized variants of the human myelomonocytic leukemia cell line HL60 that exhibited decreased sensitivity to econazole (12) . Although these lines were selected for resistance to econazole, they also exhibited resistance to other ER stress agents including thapsigargin, tunicamycin, and DTT, thus identifying a multidrug resistance phenotype associated specifically with ER stress. Furthermore, these clones exhibited increased Ca 2+ influx and increased ribosomal protein content, consistent with Ca 2+ stores and protein synthesis as important targets for econazole-induced cell death.
A variety of tumor cells has been observed to be sensitive to econazole. For example, we showed that acute myelogenous leukemia blast cells obtained from patients exhibited 3.7 to 4.6 logs greater sensitivity to econazole than normal human hemopoietic progenitor cells (9) . Human breast cancer cells exhibited 2.5 to 3 logs reduction in clonogenicity under conditions that resulted in only 0.2 log reduction in normal cells (11) . Furthermore, the sensitivity of breast cancer cells to econazole could be enhanced 10-fold by concurrently stimulating them with epidermal growth factor or bombesin. Other groups have shown that prostate cancer cells (14) and colon cancer cells (13) are also sensitive to econazole. However, genetic or other factors associated with tumor cells that might regulate sensitivity to econazole have not yet been identified.
One common oncogene associated with a variety of human tumors is c-myc. c-Myc is a transcription factor that regulates, in partnership with its binding partner max, upwards of 15% of all human genes (21) . Many c-myc target genes are involved in protein synthesis, cell cycle, cell growth and size, and metabolism in both normal and abnormal cells. c-myc dysregulation has been implicated in as many as 60% of all human tumors (22) either through overexpression, translocation, or mutation (23, 24) . Whereas c-myc overexpression stimulates cell growth, paradoxically, c-myc dysregulation can also promote apoptosis in response to growth factor withdrawal and a variety of chemotherapeutic agents (22, 25, 26) . A previous report showed that rat-1 cells overexpressing c-myc displayed increased sensitivity to the ER stress agents thapsigargin and tunicamycin (27) . Because c-myc regulates cellular functions associated with ER stress such as protein synthesis and also enhances sensitivity to known ER stress agents, we therefore investigated the role of c-myc in regulating sensitivity to econazole.
Materials and Methods
Cells and Cell Culture Human HL60 promyelocytic leukemia cells were grown in RPMI 1640 containing 10% fetal bovine serum (FBS) and antibiotics. c-Myc-negative rat-1-derived HO15.19 cells (c-myc-negative) and HO15.19 cells expressing c-myc (c-myc-positive; ref. 28) were a kind gift from Dr. Linda Penn (Ontario Cancer Institute) and were grown in DMEM containing 10% FBS in tissue culture flasks T75 (Sarstedt).
Apoptosis To measure apoptosis induced by econazole, cells were treated with econazole in RPMI containing 1% FBS for 2 h at 37jC then further incubated overnight in RPMI containing 10% FBS. For other ER stress-inducing agents, cells were treated with thapsigargin or tunicamycin in RPMI containing 5% FBS. The cells were washed with PBS and stained with Annexin V-Cy5 Apoptosis Detection kit (Biovision)/ propidium iodide and analyzed by flow cytometry. Econazole, thapsigargin, and tunicamycin were obtained from Sigma.
Western Blot Cells were washed with cold PBS and lysed with lysis buffer [1.5 mL of 10% SDS, 1.5 mL glycerol, 1. 2 incubator. Transfection of small interfering RNA was carried out by using HiPerFect transfection reagent (Qiagen) as described by the manufacturer. The sequence for rat hypoxia-inducible factor-1a (HIF-1a) was designed using the Qiagen online siRNA design tool and was 5 ¶GCGGCGAGAACGAGAAGAAAA3 ¶.
Construction of Lentivirus Vectors
The empty lentivirus vector pLEN (H1GFP), in which the H1 promoter drives expression of short hairpin RNA sequences (29) Generation of the Infective Lentivirus Lentivirus vectors harboring human c-Myc short hairpin RNA were produced by transient transfection into 293T cells as described previously (30) . Briefly, the backbone plasmid vector construct (10 Ag) was mixed with the accessory plasmids VSVG (3.5 Ag), pRRE (6.5 Ag), and pREV (2.5 Ag) and transfected into 293T cells with the Calphos Mammalian Transfection Kit (Clontech). The cell supernatant was replaced with 4 mL fresh Iscove's MEM (10% FCS) at 24 h and virus was harvested at 48 h after the plasmid transfection.
Lentiviral Infection A total of 0.1 Â 10 6 HL60 cells were infected with 2 mL lentivirus culture supernatant (f2 Â 10 6 virus particles) in the presence of 8 Ag/mL polybrene (Sigma-Aldrich) for 4 days. Green fluorescent protein -positive cells were sorted by fluorescence-activated cell sorting and grown in RPMI (10% FBS) for further analysis.
] c measurements were done by flow cytometry. Cells (5 Â 10 5 /mL) were serum deprived for f2 h in Tyrode's buffer (10 mmol/L HEPES, 100 mmol/L NaCl, 5 mmol/L KCl, 1.4 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 5.6 mmol/L glucose, 0.05% bovine serum albumin). Cells were then incubated in indo-1 loading buffer (30 min, 37jC; 5 Amol/L indo-1AM, 0.03% pluronic F-127 in Tyrode's buffer), washed (two times), and incubated at room temperature (>15 min) to allow for the complete removal and/or conversion of indo-1AM to Ca 2+ -sensitive indo-1. Measurements were done using a laser tuned to 338 nm c-Myc and HIF-1a-Regulated Econazole Sensitivity while monitoring emissions at 405 and 450 nm. The concentration of intracellular free Ca 2+ was calculated according to the following formula (Grynkiewcz, 1985) :
where R is the ratio of the fluorescence intensities measured at 405 and 450 nm during the experiments and F is the fluorescence intensity measured at 450 nm. R min , R max , F min , and F max were determined from in situ calibration of unlysed cells using 4 Amol/L ionomycin in the absence (R min and F min ; 10 mmol/L EGTA) and presence of (R max and F max ) of Ca 2+ . K d (250 nmol/L) is the dissociation constant for indo-1 at 37jC. R min , R max , F min , and F max varied depending on settings and were determined at the beginning of each experimental procedure.
Reactive Oxygen Species Generation To determine mitochondrial reactive oxygen species (ROS) generation in response to econazole in real time, 0.5 Â 10 6 cells were incubated with 5 Amol/L MitoSOX Red (Molecular Probes) for 8 min at 37jC. The cells were cooled down at room temperature for 2 min and fluorescence was measured over time by flow cytometry using the LSRII (Becton Dickinson). Econazole (15 Amol/L) or same volume of carrier (DMSO) was added at the 30-s time interval and data were recorded for 10 min. FlowJo (TreeStar) was used to analyze the data. In other experiments, to determine the ROS level changes to drugs at different time points, 0.5 Â 10 6 cells in triplicates were stained with 5 Amol/L MitoSOX Red for 10 min at 37jC and put on ice. Mean fluorescence intensity of the dye staining was determined using FACSCalibur or LSRII flow cytometer (Becton Dickinson).
Mitochondrial Mass To measure mitochondrial content, 0.5 Â 10 6 cells in triplicates were put into AFCS tubes and stained with 200 nmol/L MitoTracker Deep Red 633 (Molecular Probes). The cells were incubated at 37jC for 15 min then put on ice. Mean fluorescence intensity of the dye staining was determined with the FACSCalibur flow cytometer (Becton Dickinson).
Electron Microscopy Approximately 1 Â 10 6 cells were pelleted and fixed in 2% gluteraldehyde in 0.1 mol/L cacodylate buffer (pH 7.3) for 2 h. The fixed samples were washed, stained with 1% osmium tetroxide for 90 min, dehydrated with a graded series of ethanol, and transitioned with propylene oxide to Spurr resin. After overnight incubation, the samples were placed in embedding molds and polymerized over night at 65jC. Samples were sectioned and imaged with a Tecnai 20 transmission electron microscope (FEI Company). High-resolution TIFF images were analyzed for cytoplasmic and mitochondrial content using ImageJ (NIH). showed that rat-1 cells overexpressing c-myc exhibited increased sensitivity to the ER stress agents thapsigargin and tunicamycin (27) . To investigate the possibility that c-myc also regulates sensitivity to econazole, we exposed c-myc-negative and c-myc-positive rat-1 cells (Fig. 1A) to econazole. The cells were then collected and replated at lower dilution to allow discrete colonies to form from the surviving cells. As shown in Fig. 1B, c- 
c-Myc Knockdown Reduces Sensitivity to Econazole
To further confirm a role for c-myc in regulating sensitivity to econazole, we knocked down expression of c-myc in human myelomonocytic leukemia HL60 cells using lentiviral-mediated short hairpin RNA and tested sensitivity to econazole. Cells were infected with the virus and then sorted using the green fluorescent protein fluorescent marker by fluorescence-activated cell sorting. As shown in Fig. 1C , lentiviral infection resulted in a decrease of c-myc expression by 67% compared with vector control. It is of interest to note that HL60 cells knocked down for c-myc displayed decreased growth rate and, after several weeks in culture, lost both green fluorescent protein expression and the c-myc knockdown effect. This likely reflects the dependence on c-myc for growth of these cells. Nevertheless, the knockdown effect was sustained for several weeks following sorting, allowing us to test sensitivity. As shown in Fig. 1D , when the cells were exposed to econazole, the c-myc knockeddown cells displayed a reduced level of apoptosis compared with vector control-infected cells. These results therefore support a role for c-myc in regulating sensitivity to econazole.
Impaired ER Ca 2+ Release in c-myc-Negative Cells We showed previously that econazole induces ER stress by depleting the ER of Ca 2+ (10, 12) . The depletion occurs through the combination of direct stimulation of ER Ca 2+ release combined with blocking Ca 2+ influx at the membrane. To investigate whether c-myc affected either of these properties, we measured Ca 2+ release in both c-myc positive and c-myc-negative cells in response to either thapsigargin or econazole. As shown in Fig. 2A , exposure of c-myc-negative or c-myc-positive cells to thapsigargin resulted in a large increase in cytoplasmic Ca 2+ . This transient elevation was due to both influx and mobilization as shown by the decreased Ca 2+ transient observed in the presence of the nonspecific Ca 2+ influx blocking agent Ni 2+ (Fig. 2B) . In either case, however, no significant differences in the magnitude of thapsigargin-stimulated Ca 2+ signals were observed between c-myc-positive and c-myc-negative cells. As shown in Fig. 2C , exposure of c-myc positive cells to econazole resulted in increased cytoplasmic Ca 2+ , reflecting ER Ca 2+ mobilization. In contrast, exposure of c-myc-negative cells to econazole failed to stimulate significant Ca 2+ mobilization. Therefore, whereas both c-myc-negative and c-myc-positive cells released similar levels of Ca 2+ from the ER in response to thapsigargin and displayed similar levels of influx, econazole failed to stimulate ER Ca 2+ release from c-myc-negative cells.
Decreased Mitochondrial ROS Generation by Econazole in c-myc-Negative Cells
We showed previously that the ability of econazole to stimulate ER Ca 2+ release was dependent on the generation of ROS at the mitochondria (19) . This property of econazole was observed to be dependent on complex III of the electron transport chain as it could be suppressed by intracellular antioxidants and the complex III inhibitor antimycin A. Our observation that econazole failed to deplete the ER of Ca 2+ in c-myc-negative cells suggested to us that this might be due to a failure to generate ROS. To investigate this possibility, we measured ROS generation in mitochondria in response to econazole. As shown in Fig. 3A , addition of econazole to c-myc-positive cells resulted in the immediate generation of mitochondrial ROS. In contrast, exposure of c-myc-negative cells to econazole did not generate ROS. These observations suggest that econazole fails to deplete the ER in c-myc-negative cells due to an inability to generate mitochondrial ROS.
c-Myc Knockdown Reduces ROS Generation by Econazole
To further confirm a role for c-myc in regulation of econazole-induced ROS, we tested mitochondrial ROS generation in HL60 cells knocked down for c-myc. As shown in Fig. 3B , HL60 cells knocked down for c-myc generated significantly less ROS than control HL60 cells. This observation is therefore consistent with a role for c-myc in regulating ROS generation at the mitochondria.
H 2 O 2 Restores Sensitivity to Econazole in c-mycNegative and c-myc Knocked-Down Cells
To further explore the functional importance of ROS generation, we added back H 2 O 2 to cells exposed to econazole. As shown in Fig. 3C , H 2 O 2 on its own had little toxic effect on c-myc-negative cells. However, when added with econazole, c-myc-negative cells underwent apoptosis to a greater extent than that of econazole or H 2 O 2 alone. Furthermore, H 2 O 2 slightly enhanced the sensitivity of c-myc-overexpressing cells to econazole. As shown in Fig. 3D , we observed a similar effect in HL60 cells knocked down for c-myc. The observation that H 2 O 2 can restore sensitivity to econazole in c-myc-negative or c-myc knocked-down cells supports the model that c-myc regulates sensitivity to econazole by controlling its ability to generate ROS.
c-Myc Regulation of Mitochondrial Content Li et al. showed previously that c-myc could regulate mitochondrial biogenesis (31) . Our observation that c-mycnegative cells failed to generate mitochondrial ROS in response to econazole suggested that this could be related to decreased mitochondrial content. We therefore investigated mitochondrial content using two methods. First, we stained cells with MitoTracker Red, a mitochondriaspecific dye, and measured content by flow cytometry. As shown in Fig. 4A and B, c-myc-negative cells had significantly decreased mitochondrial content compared with c-myc-positive cells. We further observed a similar decrease in mitochondrial content in HL60 cells knocked down for c-myc expression (Fig. 4C) . To further confirm this observation, we performed morphometric analysis on electron micrographs of cells, measuring mitochondrial area as a proportion of total cellular area. As summarized in Table 1 , c-myc-negative cells were observed to have decreased mitochondrial content compared with mycpositive cells in proportion to that observed with MitoTracker Red staining. These observations therefore confirm that c-myc expression influences mitochondrial content.
HIF-1A Knockdown Restores Mitochondrial Content, ROS Generation, and Econazole Sensitivity in c-mycNegative Cells
Our previous work showed that ROS generation by econazole was dependent on complex III of the electron transport chain (19) . Recently, Bell et al. showed that complex III was also required for generating the ROS that stabilizes HIF-1a, the hypoxia sensor that regulates the balance between aerobic and anaerobic metabolism (32) . HIF-1a has also been shown to interact in an antagonistic fashion with c-myc and regulate mitochondrial biogenesis (33) . Given our observations of decreased mitochondrial content and decreased ROS production by econazole in c-myc-negative cells, we investigated a possible role for HIF-1a in mediating resistance to econazole. We knocked down HIF-1a using small interfering RNA in c-mycnegative cells. As shown in Fig. 5A , HIF-1a was knocked down by f60% when normalized for actin expression. As shown in Fig. 5B , decreased HIF-1a levels resulted in increased mitochondrial content, restoration of ROS generation in response to econazole (Fig. 5C) , and increased sensitivity to the drug (Fig. 5D ). These results suggest that, in the absence of c-myc, HIF-1a is an important regulator of mitochondrial content, function, and sensitivity to econazole. Discussion c-Myc promotes cellular transformation and also increases cellular susceptibility to apoptosis. Here, we have shown that c-myc regulates sensitivity to the ER stress-inducing drug econazole. We showed that c-myc-negative cells were almost completely resistant to econazole and knockdown of c-myc in HL60 cells reduced econazole-induced apoptosis. Although c-myc-negative cells contained similar levels of Ca 2+ in their ER, econazole failed to mobilize ER Ca 2+ in these cells. We showed that this defect could be traced to an inability to generate mitochondrial ROS, an activity that we showed previously was required for econazole to deplete ER Ca 2+ (19) . We also showed that knocking down HIF-1a in c-myc-negative cells could restore mitochondrial content, ROS generation, and sensitivity to econazole, suggesting that HIF-1a is also a major regulator of econazole sensitivity. Taken together, these observations suggest that econazole targets c-myc-expressing cells through up-regulation of mitochondrial content and function by c-myc.
As observed previously (27) and confirmed in this study, c-myc controls sensitivity to thapsigargin. Thapsigargin acts by inhibiting the ATPase responsible for pumping Ca 2+ into the ER against the Ca 2+ gradient (34) . When cells are exposed to thapsigargin, inhibition of the pump causes a rapid release of ER Ca 2+ . ER Ca 2+ depletion also stimulates Ca 2+ influx, resulting in the large increase in cytoplasmic Ca 2+ such as was observed in Fig. 2A . The mechanism by which c-myc affects sensitivity to thapsigargin is unknown; however, Barsyte-Lovejoy et al. documented that c-myc repressed ER stress genes in increase is excessive, then an apoptotic response is triggered. This model suggests that mitochondria might be the critical target for thapsigargin-induced cell death.
The fact that c-myc affects mitochondrial status suggests that thapsigargin sensitivity may be controlled through mitochondrial function. This possibility remains to be investigated. Although loss of c-myc decreased mitochondrial content, the loss was not absolute. However, the inability of c-myc-negative cells to generate ROS in response to econazole suggests an effect greater than would be expected based on mitochondrial loss. We showed previously that the ability of econazole to generate ROS was dependent on complex III activity (19) . c-Myc Figure 5 . HIF-1a knockdown restores sensitivity to econazole. A, HIF-1a expression in c-myc-negative cells following knockdown. Protein reduction was f60% as determined by densitometry and normalization to actin. B, cells were stained with MitoTracker Red as described in Materials and Methods and staining was measured by flow cytometry. Average of three independent measurements. C, control and HIF-1a knocked-down cells were labeled with MitoSOX Red and exposed to econazole for the indicated periods. Fluorescence was measured by flow cytometry. D, control or HIF-1a cells were incubated with econazole. The following day, % apoptosis was measured by Annexin V staining and flow cytometry. This experiment was repeated twice with similar results. (39) . Our findings suggest that HIF-1a also plays another role of suppressing mitochondrial function in the absence of c-myc.
We and others have observed that tumor cells exhibit differential sensitivity to econazole. The observations described here suggest that an important factor regulating this effect may be mitochondrial regulation by c-myc. Furthermore, our finding that knockdown of HIF-1a restores sensitivity to econazole in the absence of c-myc suggests that appropriate targeting of this molecule in vivo may enhance the anticancer effectiveness of econazole.
